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Piezo-ceramic elements are customized as transducers for the measurement of mechanical properties of materials in the engineering ﬁeld. This
was made possible with the industrial production of piezo-ceramic elements in various shapes and sizes. This paper describes the development of
a single ﬂat disk shaped piezo-ceramic transducer for measuring both compression and shear wave on an identical soil specimen. Procedures for
interpreting results, initial veriﬁcations of its performance and applications are also presented. Two types of piezo-ceramic elements, one for
measuring P waves and the other for S waves, were placed together in a metal housing, which worked as a wave measuring transducer installed in
a triaxial apparatus. Three kinds of granular geo-materials, ﬁne, medium-coarse and coarse sands, were tested. Small strain shear stiffness, Gmax,
of the tested sands was evaluated by various techniques, including proposed disk transducer method, trigger and accelerometer method and traxial
small strain cyclic loading. Shear moduli obtained from all the techniques fell in a similar range within allowable scatters and it was conﬁrmed
that the disk transducer was one of applicable wave measurement technique for laboratory soil specimens.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Accurate evaluation of small strain stiffness of the soil is
essential for reliable structures analysis and the prediction of
deformation when subjected to static and dynamic loading. Several
researchers have attempted to develop a reliable technique for
measuring local strain, with inclinometers (Burland and Symes,
1982; Ackerley et al., 1987), hall-effects (Clayton and Khatrush,
1986), LDTs (Goto et al., 1991), non-contact transducers (Hird and
Yung, 1989; Hicher, 1996; Di Benedetto and Tatsuoka, 1997),3 The Japanese Geotechnical Society. Production and hosting by
0.1016/j.sandf.2013.06.004
g author.
ss: kuwano@iis.u-tokyo.ac.jp (R. Kuwano).
der responsibility of The Japanese Geotechnical Society.ﬁber optics (Lee et al., 2011) among them. Local strain is measured
to avoid the effects of bedding errors and system compliance
(Tatsuoka and Shibuya, 1992; Lo Presti et al., 1993; Tatsuoka
et al., 1994; Tatsuoka and Kohata, 1995). The tangent modulus at
such small strain level is known as the small strain stiffness
modulus, which is assumed to be elastic, recoverable, independent
of strain level and is measurable by the velocities of elastic waves
propagating through the material (Richart et al., 1970; Jardine et al.,
1984; Burland 1989; Tatsuoka and Shibuya, 1992; Arroyo et al.,
2003). One of the merits of using elastic waves for such a purpose,
and in particular, shear waves, is that the measurement can be
performed on a laboratory specimen in a non-destructive manner
and in the course of other testing procedures (such as triaxial tests,
etc.). Another is that it is possible to make a direct comparison
between the ﬁeld and laboratory data. Seismic shear wave
measurements have been used in the ﬁeld such as PS logging,
Cross-hole, Down-hole and Up-hole method since the early works
of Stokoe and Hoar (1978) and Stokoe and Santamarina (2000).Elsevier B.V. All rights reserved.
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waves have been used in geotechnical laboratories. Shirley and
Hampton (1978), the ﬁrst to propose the Bender Element method,
were pioneers. After this work, their technique was extensively
used in various testing apparatus, including the oedometer
(Jamiolkowski et al., 1995; Lee et al., 2010), triaxial apparatus
(Viggiani and Atkinson, 1995; Jovicic et al., 1996), torshional
shear apparatus (Duttine et al. 2007; Mulmi, 2008) and in resonant
columns (Camacho-Tauta et al., 2008). The Bender Element
method allowed last of these direct and well controlled compar-
isons between diverse dynamically measured elastic properties.
Another method of measuring propagated waves in the specimen
proposed in the University of Tokyo is known as trigger
accelerometer method (Ahn Dan and Koseki, 2002). In this
method, a pair of triggers is ﬁrmly installed on the top cap, which
is excited according to the function set on the function generator
(various types of signals in terms of wavelet form and frequency
can be used as required). A pair of accelerometers is ﬁxed on the
surface of the specimen as schematically shown in Fig. 1. This
technique was simultaneously employed in this study, and made it
possible to directly compare the results with the proposed method
of wave measurement. Other signiﬁcant works of using accel-
erometer of piezoelectric transducers as receivers includes Pallara
et al. (2008) and Camacho-Tauta et al. (2008).
Nowadays, the Bender Element is the most commonly used
technique among the wave measurement techniques for in the
laboratory soil specimens, due to its simplicity and relatively low
cost. However, it may not be suited to undisturbed or cemented
materials (Amaral et al., 2011; Pineda et al., 2008), as it is always
necessary to insert the element into the specimen, which may cause
signiﬁcant disturbance in the vicinity of the insert. Because the
surface shape of the disk transducer is ﬂat, it can be applied toFig. 1. Trigger accelerometer method. (a) P-typevarious types of specimens, including stiff or cemented materials,
with relative ease. A disk transducer can measure compression and
shear waves in an identical specimen. Generally, the Bender
Element is used to measure only shear wave velocity. A number of
researchers have measured compression and shear waves in a
single specimen using a compression plate for compression wave
and Bender Element for shear wave (Brignoli et al., 1996; Lee
et al., 2010). Recently, a Bender-Extender was developed for
measuring both compression and shear waves (Leong et al., 2009;
Kumar and Madhusudhan, 2010). There are limited studies on
using a ﬂat plate for the transmission and receiving shear wave
(Brignoli et al., 1996; Ismail and Rammah, 2005). Besides this
work, we have published our results on a single transducer for
measuring both compression and shear waves in a single specimen.
This paper presents the conﬁguration of the transducer, and
explains the calibration method, and how to process and interpret
the signals. The performance is displayed by the test results on
three kinds of granular materials. The small strain stiffness
interpreted by the disk transducer method was compared with
those obtained by the trigger accelerometers technique and small
cyclic loadings.2. Disk transducer for P and S wave measurement
2.1. Piezoelectric element and disk transducer
A piezoelectric element generates an electric charge on the
application of stress and deformation occurs on the application
of the electric voltage. This property is called the piezoelectric
effect. By virtue of this effect, piezoelectric elements are
extensively used as transducers in many ﬁelds, includingpiezo element and (b) S-type piezo element.
Table 1
Properties of used piezo-ceramic elements.a
S.N Z2T20D-SYX (C-6)—P-type SZ5T20D-LLYX (C-6)—S-type
Kpb
(%)
C c
(pF)
Diameter
(mm)
Thickness
(mm)
K15b
(%)
Cc
(pF)
Diameter
(mm)
Thickness
(mm)
1 65.6 3100 20.00 2.01 64.8 1322 20.02 4.99
2 66 3100 19.99 2.01 65.4 1339 20.02 4.99
aLead zirconate titanate ceramic [Pb(Ti.Zr)O3], manufactured by Fuji
Ceramics Co.
bKp, K15: coupling factors.
cC: electro static capacity.
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elements were used in this study. Two types of piezo-ceramic
elements are commercially available, a P-type element and an
S-type element. The P-type element is polarized in the
perpendicular direction to the electrode in the longitudinal
direction, so it generates a compression (P) wave upon the
application of voltage. Conversely, the S-type element is
polarized in the parallel direction to the electrode in the
transverse direction, generating a shear (S) wave. Schematic
ﬁgures of P and S type piezo-ceramic elements are shown in
Fig. 2a and b, respectively. The piezo-ceramic elements of lead
zirconate titanate materials [Pb(Ti.Zr)O3] were applied. The
properties of these piezo-ceramic elements are displayed in
Table 1. P-type (diameter: 20 mm, thickness: 2 mm) and
S-type (diameter: 20 mm, thickness: 5 mm) elements were
adapted to the transducer suited to the sample having diameter
of 75 mm and height of 150 mm. The PS-type element, which
can emit and receive both compression and shear waves, wasFig. 2. Schematic ﬁgures of piezo element. (a) P-type piezo element and
(b) S-type Piezo element.assembled by ﬁrmly merging P-type and S-type elements in
epoxy resin. Pictures of P-type, S-type and PS-type peizo-
ceramic elements are shown in Fig. 3. The piezo-ceramic
elements were coated with a thin layer of epoxy resin to protect
them from being damaged and from water. Several differently
shaped patterns of surface coating were initially considered to
ensure the ﬁrm contact between the transducer and tested
material. In this study, a ﬂat surface coating was adopted
because it was found to perform better than corrugated or sand-
papered surfaces (Suwal et al., 2009). The thin layer of epoxy
resin between the S-type and P-type elements sticks them to
each other and also assures a barrier to electric conductivity.
The PS-element was assembled in the metal housing which
was placed in the center of the top cap and pedestal of the
triaxial apparatus. A detailed sketch of the assembly of the top
cap or pedestal is shown in Fig. 4. The side of the S-type
element was surrounded by a 2 mm thick silicon layer which is
softer than epoxy resin, in order to allow its easier shear
motion. Here, we call the metal capsulated PS-type element
“the PS Disk Transducer”.
2.2. Calibration and working frequency range
Calibration of the whole system was required prior to the
experiments. In the PS disk transducer, the S-type element is
placed at the upper position and P-type at the lower position.
The surface is coated by a thin layer of epoxy resin. The time
required for signals to travel through ceramics and epoxy resin
layers needs to be considered. It was calibrated by placing the
two disk transducers in direct contact with each other, as
shown in Fig. 5. To ensure the contact between the transmitter
and the receiver disk transducers, they were compressed
through the loading piston and the value of load was detected
by a load cell. Initially a load of 39 N was applied. The P-type
element of transmitter transducer was excited with single
sinusoidal signals of input frequencies ranging from1 to
40 kHz and the input and output signals were recorded.
Typical waveforms recorded at input frequencies of 2 kHz,
6 kHz and 10 kHz are shown in Fig. 6. The rising of signal at
the transmitter and at the receiver transducer were determined
and the time delay was obtained. The required time was found
to be in the range of 3.7–4.3 ms. The effect of change of
pressure was conﬁrmed by increasing the load through the
loading piston to be 105 N and the P waveforms obtained are
Fig. 3. Pictures of piezo-ceramic elements used in this study.
Fig. 4. Detailed sketch of pedestal including disk transducer.
Fig. 5. Experimental set-up during calibration.
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the time lag between the rising of the signal at transmitter and
at receiver was in the same range as that in the case of 39 N
loading. The correction value for P-wave measurement wasconﬁrmed as 4 ms regardless of input frequency and contact
pressure. Similarly, the single sinusoidal signals with input
frequencies of 1–40 kHz were excited through S-type piezo-
ceramic element. The S waveforms recorded at input frequen-
cies of 1–40 kHz under the axial load of 105 N are displayed
in Fig. 8, showing that no correction is required for S wave
measurements.
However, it was noted in Fig. 8 that the frequency of the ﬁrst
arrival wave at the receiver did not correspond well to that of
transmitted wave at the frequencies of 10, 12, 15 and 20 kHz. In
these cases, the frequencies of the received waves were 6–8 kHz in
spite of the fact that frequencies of the transmitted wave were
much larger. In lower and higher frequency rages, less than 8 kHz
and larger than 30 kHz, the frequency of the transmitted and
received wave were found to be similar. There seems to be a
particular frequency range in which S waves cannot be transmitted
at the speciﬁed frequencies. In this study, therefore, the measure-
ment was carried out using the waves of frequencies lower than
8 kHz. It should be also noted that this frequency characteristics
appears to depend on the structure condition of each transducer.
Possible reasons for this may be that the motion of the S-element
was complex due to the constraint and/or ﬁxing condition at certain
frequencies. A similar phenomenon was reported for the Bender
Element. Pallara et al. (2008) found that the source bender element
did not deform as assumed at high frequencies. This only happened
Fig. 6. Typical P waveforms during calibration (load¼39 N).
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wave propagation, as conﬁrmed in Fig. 7.3. Materials tested and apparatus
3.1. Tested materials
Three sorts of granular geo-materials, Toyoura sand, Silica
sand and Hime gravel, varying grain size from 0.2 mm to
2 mm were used in this study. Toyoura sand is ﬁne-grained,
uniformly graded sand. Silica sand is composed of quartz. In
this study, Silica sand with a mean diameter, D50, of 0.45 mm
was used. Hime gravel is poorly sorted, and the grain shape is
angular. It was taken from Hime River, Otari, Kitaazumi,
Nagano prefecture, Japan. It is derived from sandstone, granite,
shale, quartz etc. Pictures of these materials are shown in
Fig. 9. Their physical properties, including speciﬁc gravity,
maximum and minimum void ratios, mean diameter and
Poisson's ratio, which was later used for the shear stiffness
calculation of the tested materials and gradation curves, are
shown in Table 2 and Fig. 10, respectively.Fig. 7. Typical P waveforms during calibration (load¼105 N).3.2. Triaxial apparatus and wave measurement equipment
A small piece of gear driven and strain controlled triaxial
equipment, as shown in Fig. 11, was used in the experiment.
The axial loading system consists of an AC servomotor and a
reduction gear system, electromagnetic clutches and brakes.
Stress and strain are precisely controlled by a high speed
computer. The signal for the transmitting wave was generated
by a digital automatic function generator which can produce a
maximum peak at a peak voltage of 10 V and is capable of
producing twelve different types of waveforms at frequency
ranges of 0.001 Hz–25 MHz. An ampliﬁer was used to amplify
the input signal generated by the function generator before
feeding it into the transducer. An oscilloscope was used torecord and display waveforms of the transmitted and received
signals. The features of the oscilloscope are given in Table 3.3.3. Specimen preparation and testing procedures
The specimens used were 75 mm in diameter and 150 mm in
height for all tests. The specimen was prepared by the air
pluviation technique. In order to ensure constant density
Fig. 8. Typical S waveforms during calibration (load¼105 N).
Fig. 9. Photographs o
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poured was kept constant. In this study, the loose specimens were
prepared with a falling height of 20 cm, and an 80 cm height was
maintained when preparing dense specimens. At ﬁrst, the speci-
mens were set up at an isotropic stress state of 25 kPa, and then
the stress level was increased to 50, 100, 200 and 400 kPa, as
shown in Fig. 12. Each specimen was kept in the stress state for a
sufﬁcient time period, for at least one hour, to allow for the
dissipation of the creep effect. A total of 11 cyclic loadings with a
peak to peak strain amplitude of 0.001% were applied in the
vertical direction to evaluate the small strain stiffness, and another
creep stage was maintained for conducting wave measurements.f tested materials.
Table 2
Physical and mechanical properties of tested materials.
Physical and mechanical properties Toyoura sand Silica sand Hime gravel
Speciﬁc gravity, Gs 2.62 2.64 2.65
Maximum void ratio, emax 0.946 0.787 0.709
Minimum void ratio, emin 0.637 0.538 0.480
Mean diameter, D50 (mm) 0.19 0.45 1.72
Poisson's ratio 0.17 0.19 0.2
Fig. 10. Particle size distribution of tested materials.
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Toyoura sand represented the ﬁne grain material, Silica sand
represented the medium one and Hime gravel stands were used
as the coarse materials. Two tests on each material were
conducted, one in loose and the other in dense state condition.
The conditions of the tests are listed on Table 4, in which the
information related to wave measurement is expressed with
respect to disk transducer method. The wave measurements
were conducted increasing the input signal from low to high
frequencies. In addition to disk transducer method, trigger
accelerometer method was also employed.4. Wave velocity measurement
4.1. Signal processing adopting low pass ﬁlter
The frequency of the system noise was found to be in a
range of 22–25 kHz. Then the signals were modiﬁed as the
signals of frequencies lower than this were more clearly
detected. The low pass ﬁlter was employed to remove waves
of more than 20 kHz, considering that the system noise was a
higher frequency than those of the input signals.Fig. 11. Triaxial apparatus and sketch of experimental set-up.
Table 3
Features of oscilloscope (HIOKI 8860-50).
No. of input units Max. 4 units
No. of channels Max. 16 analog channels (max. 64 channels with scann
Measurement ranges 5 mV–20 V/div, 12 ranges, (using the 8956), resolution
Max. allowable input DC 400 V
Frequency characteristics DC to 10 MHz
Time axis at memory
function
5 ms–5 min/div, 26 ranges, sampling period: 1/100 of ra
Memory capacity 12-bits 32 M-Words/ch (1ch at 8860-50, 2ch at 8861-5
be expanded 32 times.(Optional memory board)4.2. Arrival time identiﬁcation in elastic wave measurement
One of the most important issues in the elastic wave
measurement is the correct determination of the arrival of
signal. Compression waves produced less interesting results for
discussion purposes than the shear waves, in terms of their
interpretation. In case of shear waves, these are affected by
(i) soil as dispersive media (Sachse and Pao, 1978), (ii) near
ﬁeld effect (Arroyo et al., 2003), (iii) sample geometry effect
(Rio et al., 2003; Khan et al., 2011; Tallavó et al., 2011;
Amaral et al., 2011), (iv) reﬂection on boundaries due to the
sample size (Arroyo et al., 2006; Kuwano et al., 2008; Viana
da Fonseca et al., 2009) and so on. A number of studies have
showed that the receiver transducer sensed the complex waves
consisting incident and reﬂected waves particularly in triaxial
cylindrical specimens where the boundaries are relatively close
to the source and receiver elements (Arulnathan et al., 1998;
Arroyo et al. 2006). Various techniques have been proposed to
minimize the uncertainties in the interpretation of the arrival
time (Viggiani and Atkinson, 1995; Jovicic et al., 1996;
Blewett et al., 1999; Lee and Sanatamarina, 2005; Viana da
Fonseca et al., 2009). Viggiani and Atkinson (1995) suggested
the use of a sinusoidal wave to reduce the uncertainties in the
interpretation. The same shape signals on input and output
signal could be achieved using a single sinusoidal wave as the
input signal. Jovicic et al. (1996) proposed the use of aer unit)+16 logic channels (standard conﬁguration)
: 1/100 of range
nge, external sampling, dual time base possible
0) to 2 M-Words/ch (16ch at 8860-50, 32ch at 8861-50) nMemory capacity can
Fig. 12. Stress path of the experiment.
Table 4
List of tests.
Test No. Material Relative density (%) Specimen condition Transducer used Input voltage (V) Input wave Input frequency range (kHz)
1 Toyoura sand 56 Dry DT&TA 793 sine 2–30
2 Toyoura sand 92 2–30
3 Silica sand 78 2–30
4 Silica sand 99 2–30
5 Hime gravel 68 2–20
6 Hime gravel 88 2–20
Fig. 13. Deﬁnition of travel time for compression wave. Fig. 14. Deﬁnition of travel time for shear wave.
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as the arrival of shear wave and suggested employing the high
frequency signals to reduce the near ﬁeld effects. Some other
researchers proposed the application of characteristic points
(peaks, troughs) to evaluate the travel time. The method of
employing continuous sinusoidal waves has been also recently
proposed (Blewett et al., 1999; Greening and Nash, 2004).
The frequency of the input signal is gradually modiﬁed until
input and output signals are displayed in the same phase.
The measurements are repeated for different frequencies (wave
lengths). The travel time is determined from the slope of a
frequency vs. number of wavelengths line. The application of a
methodical, systematic and objective approach for the inter-
pretation of the results, in the time and frequency domains was
proposed by Viana da Fonseca et al. (2009), and an automated
tool was used to enable unbiased information to be obtained.
While all the methods discussed above appear to be capable of
measuring the travel time correctly under some conditions,
they equally all appear to have limitations that are not well
deﬁned (Yamashita et al., 2009). Still a promising approach
has arisen from using the full dynamic characterization of the
specimen using the transfer function and the impulse response
function (FRF, IRF), which enabled the de-convolution of the
effects of the equipment, and transducers, etc. (Tallavó et al.,
2011; Khan et al., 2011; Alvarado and Coop, 2011; Amaral
et al., 2011)4.3. Interpretation of signals in this study
The arrival times of compression waves were evaluated as the
ﬁrst deﬂection of the signal on time domain registers. Fig. 13
shows the typical compression waveform obtained in this study.
The travel times are obtained by considering the time gap
between the rising of the input signal and the rising of output
signal (Trtr) and the peak of the input signal and the peak of the
output signal (Tptp), which are clearly deﬁned in Fig. 13.
In single sinusoidal excitation, the rising to rising travel time
was deﬁned as the distance from the rising of input signal to the
ﬁrst zero crossing point on the time domain of the output signal
following the recommendation by Jovicic et al. (1996). The
criteria employing to determine the travel times based on rise to
rise of signals and peak to peak of signals are displayed in Fig. 14.
4.4. Waveforms
The continuous stacking of wave data and average of these
stacked data was displayed in the monitor of the oscilloscope. In
this study, the wave was excited at intervals of 1 s. The recorded
waveforms were stacked and averaged continuously until the
noise to signal ratio decreased to an acceptable level, so that the
detection of the rising point was not affected by noise.
Figs. 15 and 16 present the typical waveforms obtained in
loose Toyoura sand specimen at isotropic stress of 50 kPa and
Fig. 15. Typical waveforms achieved on Toyoura sand at stress level of
50 kPa.
Fig. 16. Typical waveforms achieved on Toyoura sand at stress level of
400 kPa.
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generated through function generator and the received waves
were stacked for 100–200 times in each measurement.
As previously mentioned, the PS-disk transducer has the
ability of sensing both compression and shear waves. The
response of the S wave sensor during P wave excitation and
the response of the P wave sensor during S wave excitation are
also displayed in the ﬁgures. It was indicated that the
propagated waves were not “perfect” P or S waves as someinterference was observed between P and S elements. This,
however, did not pose a serious problem in the identiﬁcation of
the arrival time.
Typical waveforms obtained for Silica sand and Hime gravel
are shown in Figs. 17–20. In all the cases, the waveforms are
clear and the rise to rise or peak to peak travel times are easily
identiﬁable. The diameter of the sensor used in this study was
20 mm, which is approximately 10 times the mean diameter of
Hime gravel. For the measurement of relatively coarse materials,
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sensor and tested material is considered to be sufﬁciently large.
In this study, it was found that the measurement was successful
when the diameter of the sensor was 10 times the grain size.
When one of the channels is connected to the display of the
input voltage in an oscilloscope, due to the electromagnetic
induction, very small signals with the same or reverse polarity
and waveform may be displayed in the receiver channel
simultaneously. This is called inter-channel cross-talk or simply
cross talk. The polarity of the cross-talk seems to depend on theFig. 17. Typical waveforms achieved on Silica sand at stress level 50 kPa.
Fig. 18. Typical waveforms achieved on Silica sand at stress level 400 kPa.inter-channel condition and does not affect the polarity of the
main wave. Sometimes, the signals encountered due to cross-talk
might be problematic and be a possible source of errors especially
when the arriving wave of the output and the cross-talk occur at
the same time, which would make the detection of the arrival
time complicated and inaccurate. The amplitude of cross-talk
decreases with the distance between the channels. Therefore the
input and the output channels are chosen at the two extremities,
Fig. 19. Typical waveforms achieved on Hime gravel at stress level of 50 kPa. Fig. 20. Typical waveforms achieved on Hime gravel at stress level 400 kPa.
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oscilloscope has more than two channels. Still, cross talk could
not be completely eliminated, even when all possible efforts
were made, including proper grounding and the shielding of the
sensors. In Figs. 15–20, the effect of cross talk can be observed in
most of the cases, but they are well isolated from the wave arrival
point and therefore did not affect the signal interpretation.
The arrival point of signals on the time domain plots are
clearly marked for both rising to rising and peak to peak timedetection criteria. The time detected by rising to rising of
signals and peak to peak of signals is not unique in most
cases but the difference is found to be small. In P wave
propagation, the time discrepancies between determined by
rising to rising of signals and peak to peak of signals were
found to be within 10%, as shown in Fig. 21. While
concerning with S wave measurement, the time discrepancies
were found to be 5%, except for few results of Hime gravel, as
displayed in Fig. 22.
Fig. 21. Discrepancy of time period on P wave measurement.
Fig. 22. Discrepancy of time period on S wave measurement.
Fig. 23. Example of stress–strain relationship in triaxial cyclic loading.
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5.1. Small strain stiffness obtained from triaxial cyclic loading
It is reported that the stiffness at strain level less than
0.001% is nearly elastic for gravels and sands. To evaluate the
static small strain stiffness, 11 cyclic loadings with peak to
peak strain amplitude up to 0.001% were executed at each
stress level. The stress–strain relationship was established with
the help of observed stress and deformation data.
Deformation was measured by local deformation transducers
(LDTs) developed by Goto et al. (1991) which can measure
local strain with high accuracy and free from bedding errors.
Stress variation was detected by a load cell installed inside the
triaxial cell. Young's modulus (Ecyc) was derived by linearregression of the data points of the stress–strain cycles. The
average value of the stress–strain relation of 5th cycle and 10th
cycle was used to evaluate Ecyc. The typical plot of stress–
strain relation is shown in Fig. 23. The statically evaluated
Young's modulus (E) is converted into the shear modulus (G)
considering isotropic, homogeneous and elastic material as
G¼ E
2ð1þ νÞ ð1Þ5.2. Small strain stiffness obtained from wave measurement
Stiffness can be derived from the theoretical relationship with
soil density and velocity of propagating wave. The nature of
propagating compression waves was considered as a constrained
compression wave involving no lateral deformation perpendicular
to the direction of wave propagation, as the diameter of soil
specimen was relatively large compared to the wave length
(Graff, 1991; Khan et al., 2006). The constrained vertical
modulus, M, can be achieved by Eq. (2). The constrained
modulus was then converted to the unconstrained modulus using
Eq. (3). The dynamically obtained shear moduli are computed
measuring shear waves directly as Eq. (4). The relation between
Young's modulus and the shear modulus is established by Eq. (1)
which is used for both static method applying small strain cyclic
loadings and wave measurement methods.
M ¼ ρ Vp2 ð2Þ
E¼ Mð1−2νÞð1þ νÞð1−νÞ ð3Þ
G¼ ρ V2s ð4Þ
where Vp is the compression wave velocity. Vs is the shear wave
velocity, ν is the Poisson's ratio adopted in this study as given in
Table 2. The Poisson's ratios used in this study were evaluated
by applying static cyclic loadings in all cases, using rectangular
specimens for Toyoura sand (Hoque et al., 1998), hollow cylinder
L.P. Suwal, R. Kuwano / Soils and Foundations 53 (2013) 510–524522specimens for Hime gravel (De Silva, 2008) and cylindrical
specimens for Silica sand (Suwal, in preparation).Fig. 25. Statically vs. dynamically evaluated stiffness on Silica sand.5.3. Comparison of small strain stiffness obtained from
different methods
Small strain stiffness obtained from disk transducer measure-
ment and from trigger accelerometer method is compared with
those obtained from triaxial cyclic loading. In Figs. 24–26, the
dynamically evaluated shear moduli are plotted against the
statically evaluated shear moduli on Toyoura sand, Silica sand
and Hime gravel respectively. The results obtained from the
loose and dense specimens are displayed using separate signs.
The description of the used notations is
G-DT-P: Shear moduli obtained from P wave measurement
using disk transducer method
G-DT-S: Shear moduli obtained from S wave measurement
using disk transducer method
G-TA-P: Shear moduli obtained from P wave measurement
using trigger accelerometer method
G-TA-S: Shear moduli obtained from S wave measurement
using trigger accelerometer method
The results derived by wave measurement are approximately
equivalent to those determined by triaxial cyclic loading. The
dynamically determined stiffness are scattered along the line
with equal static and dynamic results. This shows that the
stiffness evaluated by currently proposed disk transducer
method tends to be larger than statically determined one,
which is consistent with a similarly observation with regard to
the stiffness obtained from other types of dynamic measure-
ment (AnhDan et al., 2002; Kuwano and Jardine, 2002). Most
of the results obtained by disk transducer (480%) are found
to deviate within 20–50%.Fig. 24. Statically vs. dynamically evaluated shear stiffness on Toyoura sand.
Fig. 26. Statically vs. dynamically evaluated stiffness on Hime gravel.Errors in the measurement are considered to be caused by
various factors, including difﬁculties in the identiﬁcation of
arrival time of wave, dispersive, anisotropic and non-uniform
nature of soil, imperfect coupling between soil and transducer.
The deviations of G-DT in percentage are plotted with respect
to the stress level for those three geo-materials in Fig. 27. The
scatter seems to be smaller in higher conﬁning stresses,
possibly reﬂecting better coupling of soil and transducers in
larger stress states. The inherent anisotropy of soil can be also
a source of error because its anisotropic nature was neglected
when evaluating the small strain stiffness. Kuwano and Jardine
(2002) reported that sand can have signiﬁcant stiffness
anisotropy, based on the test results over isotropic and
anisotropic stresses obtained from multi-directional bender
Fig. 27. Stiffness variation with respect to static measurement.
Fig. 28. Deformation anisotropy of tested materials during isotropic consolidation.
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stiffness anisotropy from limited test data of only vertical
direction of wave propagation. However, since the horizontal
deformation was larger than the vertical one during the
isotropic consolidation stage, as shown in Fig. 28, it can be
assumed that the tested sands exhibit inherent anisotropy in
stiffness. The degree of deformation anisotropy seems to be
larger for sand with a larger particle size.
6. Conclusions
A disk transducer for elastic wave measurement in labora-
tory soil specimens has been developed and its performance
and applicability on sands are described.
The disk transducer is capable of measuring both P and S
waves in a soil specimen. The disk transducer does not need to beinserted into the specimen, so it is free from the difﬁculties of
preserving the integrity of the material around the transducer.
However, a good contact between the surface of the transducer
and the tested specimen is required, and this study aims to
conﬁrm that the disk transducer may be applied to a coarse
grained material, when the diameter of the disk transducer is more
than 10 times of mean diameter of the tested materials. In S wave
propagation when using this equipment, it was noted that the
waves in a certain frequency range (in this case approximately
10–20 kHz) were not able to be successfully transmitted. The S
wave measurement using the disk transducer in this study was
therefore recommended to perform with frequencies less than
8 kHz. The wave velocities obtained by the disk transducer
method are converted to small strain shear stiffness and compared
with those obtained from trigger accelerometer method and
triaxial cyclic loading, on the assumption that the stiffness of
tested materials are isotropic. The disk transducer method shows
a promise of equivalent performance to the other tested methods
and scatters between the disk transducer method and triaxial
cyclic loading are mostly within 20–50%. The disk transducer is
a promising technique that can be further explored in the future
for wave measurements in laboratory soil specimens.Acknowledgments
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